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ABS'R"ACT: A new series of polymers containing nickel bis(dithioiene) linkages along the

polymcr main chain have been prepared. A variety' of flexible linkages have :2flutilized to

separate the nickel bis(dithiolene) complexes and Include -0-, -S-, -Cl 1-. l1i - -( Cli-I2--

aInd -(OCH- CI-l12Th 0-. Thle polymers with short flexible linkages In this series are hihvSoluble

In both auueIouIS and OrEani1C Solvents in the reduced (dianionic) formn and are slli t'!\' soluble inthe

oidized or netitral fonnm Increasing the iength of the organic flexible linkage in the polymer mvi

chntin incnal-ses (11C olbiyo'te potymers in the oxidized torm. Three ditterent oxidation states

of the nickel complex are observed electrochemically with the [NiL- 2 i - lILnad

[Ni:11] -- IiL201n redox processes. UV-Vis-NIR spectra show features commonly associated

with nickel bis(dithiolene) complexes. The position of the near-IR peak of the metal1 complex is

signifiantly affected by solvent polar-ity wVith a maximumn shift of 94 nm obser-ved when changing

from- a non-polar (toILuen1e) to a highly polar (DIMS0) medium.
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INTRODUCTION

A variety of metal complex polymers, incorporating sq!uarc-planar IS-; metal centers into

coniJUate ]icands. hav2 bCCn prepareJ with the goal of preparing materials with elevated elecmcal,

conductivitV, alon w\ith novel magnetic and optical properties. These include pol \(meali

itrathiooxalates), i- poly(nietal ethylcnetetrathiola, Cs), 4 -6 polv(mcial tetrathiosquarates). ?

poly(metal tetrathiaful alcnetetrathiolates), 8 .9 poly(metal te.rathianaphithalenes),i ° %nd poly(metal

benzenctetrathiolates). 1 These materials tend to be insoluble and infusible powders which

precipitate during complex ation polvrnerization of transition metal ions with highly reactive thiolate

ligands. In addition, ihev have a very' l., crystallinity, tend to be paramagnetic, and are strong

absorbers of infrared radiation making structural characterization by x-ray diffraction, NMR

spectroscopy and IR spectroscopy difficult, if not impossible. During synthesis some of these

systems possess solubility, which can be attributed to the high charge density along the polymer

backbone, but precipitation to amorphous powders prohibits resolubilization. When these planar

conjugated ligands are coinplexed in a square planar coordination with u ansition metal ions [e.g.

Ni(II), Pd (II) or Pt (II)) the molecular structure is quite rigid and "ribbon-like". In fact, for the

specific case of poly(metal tetrathiooxaiates), which can have conductivities as high as 10+2 _Q-1

cm- 1, we find low degrees of polymerization and stacked/sheet like model structures. 3

In order to cir:'umvent the low solubilitv of these fully conjugated polymers, we have been

incorporating square planar metal complexes, specifically metal bis(dithiolenes). into the main

chain of polymers that contain flexible units. Our initial work in this field was recently

communicated by reporting the synthesis of poly { 1,'-oxybis[4-(1,2-dithiolatoethenyl)-

benzene]]nickel (II)] (PBOSD-Ni). 12 This polymer, as illustrated in Structure 1 where R=O and

insert structure 1

M--Ni, is highlv soluble in a variety of solvents in the as prepared, reduced, form with two

negative charges associated with each nickel bis(dithiolene) unit. In this form the polymer can be

redissolved repeatedly. The oxidized and neutral form of the polymer, with a zero net charge on



each meetal bis(dithiolene). is only sparingly soluble (10- 5 M) in DMF and completely insoluble in

most other solvents.

liere\ we report on the synthesis and characterization of a series of polymers having the

-eneral forin S tructurc I via transition metal complexation po\'i.neriza"ion. In this i asaace we

vary the flexible linkage (R) to include -0-. -S-, -Cfl2-, -(C1B) 10-, -(CI 2)2- and

-(OCI 2C2);O-. Both the nature of the flexible linkage and the oxidation state of the metal

complex are found to impact both the solubility and optoelect-onic properties of the plymers.

RESULTS AND DISCUSSION

Ligancd Svynrheses. The synthesis of a series of bis(aryl dithiocarbonates) was carried out

as outlined in Scheme I with p-phenvldithiocarbonate moieties separated by a variety of flexible

insert scheme I

linkages. The -0-, -S- and -CH2- linkages were introduced by beginning with diphenyl ether (2a)

diphenyl sulfide (2b) and diphenyl methane (2d) respecjvely. The -(C1i 2) 10 -, -(CH2)- and

oligomeric ether chain -(OCH 2CH2 )30- linkages were introduced by preparation of 2c, 2c and 2f

as outlined in Scheme 1I. Compoand 2c was prepared using a conventional Williamson

insert scheme II

etherification from phenol and 1,2-bis(2-chloroethoxy)ethane. Compound 2e was prepared via a

Friedel-Crafts acylation of benzene with sebacoyl chloride, followed by a \Volff-Kishner

reduction. The synthesis of 2f was also carried out in two steps. The first reaction was effected

by initially reacting benzvl magnesium chloride with 1,10-dibromodecane in the presence of a

catalytic amount of lithium tetrachlorocuprate, 13 which proved to be a convenient route to preparing

mono bromo-terminated alkanes. Wurtz coupling of 7 give the required product 2f separating two

phenylenes with 22 methylene carbons.

The bis(dithiiocarbonates) were then prepared using a modification of methods developed

for the synthesis of substituted styr,1dithiocarbonates.14 ,1 5 Starting with 2, Friedel-Crafts

acylation with chloroacetyl chloride in the presence of A1C13 led to 3. Bromoacetyl bromide and



bromoacetvl chloride were also used as acylatinu reaLents. but sien.fcantly lower vicids of p. ,dt

were obtained. In the case of 2c as startiri I material, the polyglycol ether chain could potenlia)

com1plcx \\ ith the AICi-3. and we found that an extr amont of A 10; and more vt gor us conditions

Cefluxine wCrC rcl inrcd to force the reaction to complclion. Conipond 3 w1s subsequCnl]y

reacted with the potassium salt of O-ethyl xanthic acid in acetone to give 4. The potassium

chloride that precipitated from the reaction mixture facilitated driving the reaction to high yield.

The final slep involves a cyclization reaction of the xanthate ester, 4, with H1r in acetic acid to

ive the desired dithiocarbonates 5. Both 30% HBr in acetic acid and 48,C -Br in water were

used, with the acetic acid IlBr solution giving better results. In the case of Sc, the polyether

tended to cleave with HBr. Milder reaction conditions were employed in this case but lower yields

of product were obtained.

The structures of all bis(dithiocarbonates) Sa-f were confirmed by IR, 1H NMR, 13C

NMR and elemental analysis. All of the IR spectra of 5 exhibit a band at about 1635 cm -1 for the

C=O stretch confirming formation of the dithiocarbonate. Common features in the 1H NNIR

spectra are one singlet at 8=6.8 ppm corresponding to the olefinic proton and an AAXX' and

AAV.B' system in the aromatic range corresponding to the 1,4-substituted benzene ring.

Compound Sb exhibits only one singlet for all the aromatic protons. Common features in the 1 3C

NMR spectra are a peak at 192 ppm assigned to the carbonyl and six peaks in the aromatic and

olefinic ranze.

Tetratiolazeforniation. The preparation of polymeric metal bis(dithiolenes) via transition

metal complexation polymerization first requires the formation of a highly reactive tetra-anionic

insert scheme III

ligand as shown in Scheme 111. As described previously, 2 we have determined the experimental

conditions necessary for complete cleavage of the bis(dithiocarbo:,ates) to the tetrathiolates by

synthesizing the tetramethylated species (8). In fact, we have obtained 8 in quantitative yields as

described in the Experimental Section. This is important in that incomplete conversion may limit

molecular weight or possibly lead to monodentate as opposed to bidentate chelating ligands. Up to



6

four mon(dentatc it':md s could potentially react with each transition metial ion lcading to a highly

crosslinked, and completely insoluble structure.

These prohlcll were obsced for the case of tctrathinpent;enciion_ (9). which scrves '!s

a preccursor to cth'vlcnectrathiolate (10) as outlined in Scheme IV. One stnd\" CiescribCd thC ";Li f-

insert scheme IV
opening" versus 'full-opCning" of the tetrathiapentalenedione. Gel formation has also been

oe-.r'ci-ved in the s\'nthcsis of metal complex polymers of ethoxide treated 9 with elemental analysis

indicatinE that stoichiometric fonnation of 10 did not occur.t 6

All results point to the fact that the tetraanionic ligands are extremely sensitive to oxidation.

Even when small amounts of oxygen are present during ethoxide cleavage reactions insoluble

polymeric product forms, most likely through the formation of bisulfides. For this reason, all

thiolate ligand formation and metal complex polymerizations were carried out in degassed ethanol

and using scrupulously deoxygenated nitro2en.

Mctal Complexatioii Pobmerizations. Polymerization reactions were carried out at 60*C by

conversion of 5 to te-rathiolate, followed by reaction with a stoichiometric amount of NiBr 2

overnight as shown in Scheme V. In the cases of 5a, 5b and 5d, in whic, sho.t spacers

insert Scheme V

(-0-, -S- or -CH2-) were present in the ligands, a homogeneous dark brown solution of polymer

was obtained. On the other hand when Sc, 5e and Sf was used, a small amount of dark brown

solid precipitated out of solution and thus the longer spacers reduced the solubility of these

polymers in ethanol. All of the reaction solutions were found to exhibit a typical nickel

bis(dithiolene) complex UV-Vis-NIR spectra PRmax (ethanol) 215, 270, 310, 490, 930 nm] 1 '19

which indicates that the polymers formed contain the desired nickel bis(dithiolene) units. We term

these the reduced form of the polymers since each nickel bis(dithiolene) site is dianionic and can be

represented as [NiL)2-]n. For the polymer from 5a, the reduced forn of the polymer is also

soluble in water, acetonitrile, acetone, and DMF.



The reduced fo-m of all polymers have proven to be air unstahle and \kcrc oxidized by

ciuner air or iodine to \yiel black solid powders (oxidized form , hich are insol tihi in mosI

solvents. The oxidi7.e form of all of the polynmers do slightly dissove nh IIIID to, forn brown

solutions. b'It lid-f (Conniining non-polar linkages' have a lowcr s(lbilitv in' i);i1 than 1 a,-c

(coataining polar linkages) and cannot completely' dissolve. Polvine r I I c. containing the

polyglvcol chain, exhibits a better solubilitv in DMF than all of the other polymers investigated and

is also slightly soluble in TIF. The alkane linkages in the polymer chains of lIe and 11 f reduce

their soluhilities in DMF but increase their solubilities in toluene, xylene, and THlE. When

dissolved in these solvents, creen colored solutions are obtained. Thus, as expecled, the nature of

the flexible linkage plays an important role in controlling the solubility of these polymers with non-

polar linkages improving solubility in non-polar solvents and polar linkages improving solubility in

polar solvents. Polymers I ie and I If were fractionated by exU,.ction with hot TI-IF, showing

about 20% of polymer to be soluble while the other 80% remained insoluble. A GPC analysis on

these TI-IF solutions shows a series of separated peaks corresponding to different chain length

oiigomers. nlpai1,,i1on of these Gi-C rcteniAon thmes for that foun;d for monomeric model

compounds prepared in our laboratory, suggest the soluble fraction to contain up to about

hexamers. We expect the 80% remaining insoluble fraction to have a higher degree of

polymerization. Elemental analyses of ali polymers (I la-f) v.crc found to -rm!what from

that calculated for a neutral polyrneric repeat unit (see Experimental Section). This is not suprising

considering end-roup contributions in these oligomers and the possibiltiy of inco:nplete oxidation

of each metal center.

One explanation for the low solubilities of these polymers in the oxidized state is the strong

potential for meal-metal and metal-sulfur interactions between molecules. In order to reduce the

regularity of the -,pacer in the ligand along the polymer chain. mixed ligand polymers were

prepared using equal amount of Se and 5f in the polymerization process. Unfortunately, the

resulting polymers had no significant improvement in solubilitV.



All of the polymiers, in the oxidizedl form have two 1cinnse c ad a: 3(T 3 ca an('

19() _ 2 cm- I. The! I Cs ran n'w attri-b utIed to th IIIckel b\. JIiicc Io." M and! aire

COMb il a:oN !T and A>' (1 ::1 1,Ilit ye IS) I'- n nT1 CI for 01the 0 1) I p3&T In I 0ic1: 1( ~ ' 2

mmthe c tre (>zC S'vtcch_ and the- 1190 cml pIA " th l',a''r Sd CS t:.

TllIeSC IR rests fI uriher o: mttile for111ll of nickel hiM nueac il i lhie po11\aiI : : a

and reteni onl of the nickel complex in] the' oxidi?(:d (neutral) form".

Optic al Propcrics. All of the polymier solutions Ihwi near 1 Pboh'c peak ma,1XIMUml

a-, ca. 900 nmi which is assigned to the 2b I u <- 3b_-, transition This is shoni In Fliure I for

polymler Ie where the near- IR absorp;.:on Is separatcd from the hi eher energy ans'orplilonls by a

relatj\'el\' broaid winidow fromn 000-750 nmn. NumelrouIs appjlications exist for miatcrials which can

selectively filter/absorb nea-JR while being relatively transparent in thle visible reeior.f- These

inc-lude filters of IR scnsitve materials, heat cut-off, mnaterials and as materials addressable b\'

seicndctor (e.L. GaAs based) laser diodes.~ T1he ability to directly cast f1is of polymers

contalnuc !Iese necar-IR, absorbers mav ultirrmatelv lead to filmns sicificantlv more honmoceneous

than dye imnpregnate-d thermoplastics 2

The position of the near-JR peaks are affected by solvent polarity. For example, Table I

insert Table I

shows the near-IR results for- the Polymer having the nickel bis(dithioilenc) comnplex separated by

10 methvlene units. Increasingr solvent polarity shifts this absorption significantly further into the

near-IR with a maximum shift of 94 nim observed when thie solvent is changed from toluene to

dimnethyl sulfoxide. Simtiltaneously, a color change is observed as the toluene solutions are geen

and the UMPA, DN,,I and DMSO solutions are brown. Normally, the color of the complex

solution indicate-s the oxidation state of the nickel bis(dithiolene) complex. Neutral forms are

usually green in color while anionic forms are red-brown. Previous studies have shown that the

neutral form of the nickel comnplc\ can be reacted with a number of nitrogen bases (e.g., pyridine.

or hydrazine) forming salts, of the nickel complex ions. 20A study on a monomeric model

compound shows that the oxidized form dissolved in DN4F was green in color initially, but



IC~ ohro\n. in iss thIan a hour. AtI t1h same C timeI S sh]It of th I P, peakt 11n Sz7 nm to

105 nnw T.ooserved. 1:, IC case< of DMF. t!ie p reeCnC olt tra.c, I"IC!C L:r;t! 'I 1"in:(

~ ;'(~:(:CI;:'~ace ~;tfor a inu Ie tcton oif thecove ant:te'The 111C

c Ia~t tl~ s~cni~caI~t ctral lnchii re i;2t

~~~ P \ f\ I PiI.' 2nd(1 DI)NS( \cri Ic tii the Co\v&k r.I2 lc\o-Idi t(

b~' ih'2(1 /'o;C'rax.These polvo icric nickel bhisdi I olene con' ale 'es al11 cxh ibit

twC eprate r(( C\ poccssc S as Sh~own iM Schemec \11. As prepared. each mectal comi-plex is

C ~~.2k2W. s i c2nono ~z sol vents. A1, evel c \oltan"11floeran;1' of pol1VII' Ie 1 IS iS hOWt

a 1- nrctoee'" \ iceletrocietncalbehavior of these polvnmers. At poict~ftal s cj nal to and

ca!"hoJK of -1 .() Vh polyme r complex relmins in the diainont c state. Scanni~ng anodicly zhtie

po.vn1let exhibi)ts tvwo re(ION proCesses, at Ei/ 2 - 17 1d and at: E'2 =+0. 9 V. Thse ton

procsse ar V'SN resir s evident by the 6 Vad7mVpeak to peak separationi seen. for each

process r'espcti\'cVv. Referring to Schemet VI, these redox processes can be assigned to the

reversi ;'2 Q\liIat0on U MC Glaion z0 the monioanion and inally to the neutral state. Dune ot of'

the1se pro01csses the polcnier remnains in solution. Tis is shownr in FiaurL as tne scan rate (j

de cii:nc of the pear;: cu.rrentk (1) Diffusion controlle-, processes typiclv exubi )I "I ti t 15 2

llncarl\' dcjendent on idi wvhile surfacc confined sp cies exhibit 'Pi de~penfdent on u The obser-ved

iinear deedneof on 0 t ii f,1Ior both processes and both anodic and cathodic current betwveen

40 ;nV S-1 and 200 mV S-1 shows tha: the poivnier does not deposit on the electrode surface at

potentials cathodic of --0.5 V. The pattern of this redox behavior is consisten-, with non-polvineric

nicke' bis(dithiolene) complexes investigated prc\'iousiv2: illustrating that, though the metal

complexes arc contained in the polymer backbone in our- casec. the metal centers approach the

electroc surface- close enouzh for electron transfer.

In, the ci.se Of polymer IlIa further ancodic scan-.nng beyond +~0.2 V signlificantly distorts

the symnmetiry ofthe [Nil-: t, f-- [Nil.,()] process by increasing2 the current ditring reductionl Of the



onaform.- lThP iwas especiallyv evide ni for the polymier conitainen nl an oxvecn fctl

itikac as I:s orcpttn n to tl,'e elcctrode surf ace In the netral for.

Kh o L ~;n ';a'.;A tcmps \k rc man~de to pro pare free :a ; 1: no ims K'n n u "

su secnon \'c~uedon rese p-llets. As expected for a polymer, me I' %a Son v xs\so

lo\ exent of Colln La~tlofl. WI e COnduct I vIties are a itle low. For examllpl -. polvilimer I I I Cr X"', I'I

room eprauecndcvt of, 10)-6 2- c11-1 It h as beenI found th'at most metCalhisduolne

ha've conductivities lower tihan 110-5 _Q- 1 cm-l independent of the identitx' of thle cen-tal metC.al atoml

an.Id oxidationl State.2 Rkecentiv U nderh ill et al have reported onl certain maenmIc als thait a

be eaIh Thle abi lity of these complexes to stack, form direct mczal-meia onds a-nd alil

tcproper prilodaion state are all required for high conducuvItV.

Disorder present in the polymers discussed here prevents significant inter-chazn staokin.

In fal anX-ray powder specti-um Of polymer Ila showed only an amorphous halo centered at,

about 19 degrees. In addition, the flexible spacers inhibit any, conjugation alone a sinpoe chain and.

faiecharge transport is prohibited. Thus, the low obser-ved conducitiris are as expected.

Con clus ion s

A series of polymers, containing nickel bis(dithiolenie) complexes in tho main chain. have

beeni- prepared vit metal complexation polymerizations with flexible linkages between the

Complexes rang'ing from one atom (-0-, -S-) up to 22 atoms [-Cb2-.The polymers are highly1

soluble in- a number Of solventS in the. as-made reduced (dianionic) form. WNhile oxidation of the

metal centers to the essential!,, neutral form is found to decrease the overall Solubility, polymers

containing lone- flexible linkages are more solubie than those containing short linkages. Thle

electroc lie mical and spectral properties of the polymers are consistent with a stable main-chain

nickel bis(dithiolene) structure where the metal complex can attain -2, -1 arid neutral oxidation

states. Due to the nature of these metal complexation reactions, especially problems encountered In



obtatnin g stoichi ometric balance of functional groUps during polyrneri zat ion. thLe f .e:ids are1 most

likely oh Conieric.

I:.x pernmen al Sct(ion

GC11OW1. All water and air sensitive liquids were transferred c: with ceannulzie or w ith

sviesAir and mo01iture sensiive reactions were carried out wik~th tue use of standard inert

amosphere techniques. All melIting points arc uncorrected. Infrared spectra were recorded on a

Digilab FTS-4C) FT-JR speetrophotometcr. Low-field (60 M11-z) proton NMIR spctra were run on

a V'arian ENI 3)60 spectromeier. HiTh-field (200) MI-hz and 300 1I-z)1~ and 13C NMR spectra

were recorded on a Nicolet NT-200) spectrometer or an IBM-Bruker spectrometer in chloroform-ti

solutions. Chemical shifts are reported referenced to tetramethylsilane or chloroformi-d (77.0 ppmn

for 13C). 1-IPLC was per-formed wvith a WAaters 440 HPLC sy'stem. UV-Vis-NIR spectra were run

on a Varian 2300 spect-rophotorneter. Powder X-ray diffraction was carried out :)n a Phillips APD-

36(Y) diffractometer using Cu Ka radiation and a 20 scanning: mode. GPC wvas performled onl a

'Waters S40 GPC systemns. HElectrochemical measurem.nts were obtained using an EG&G

Princeton Applied Research Model 273 Potentiostat/Galv'anostat. Elemental analyses for carbon

and hydrog-en were carried otit on a Perkin-Elmer 2400 CHN Analyzer.

Materials. Ethanol was distilled from mnagnesium and degassed by three freeze-pump-thaw

cycles. THF was distilled from potassium benizophenione. All other solvents were distilled from

cailciumn hydride p or to use. Nitrogen wvas purified using an Alfa Dc-Ox deoxygenation catalyst

train.

All analogouLs compounds were prepared in a similar manner so only the a series are

described In detail. For those compounds prepared using a different procedure details are

included.

Triethylene glvco! dliphcnyl ether (2c). A mixture of phenol (60.9 g. 0.7 11 mol), KOH

(43.9 e, 0.782 rnol) and butanol (300 ml) was stirred and heated to reflux. A Soltition of 1 .2-

bis(2-chloroethoxy)ethinc (69.2 g, 0.370 rnol) in butariol (30 ml) was addec.. dropwise to the



m"ixture over a peido h The meul iture .vas heated to refluLx f0or 10 )h. Concentratec!

II ways added to a idi1 he miixiture. After reaction. distillation \Y'L used to remo)ve S0 inC of the

butaInol 11- 0 111), and water (2(0 nl) was added to the miix ture. iThc result inc is ae a

exta~ncted with ether X3 1 50 Timl), the ether solutions combhined, walhed with water (, x 100 111).

died (n):t enesiumII sulfate), concentrated, recrystallized (~hexane),.tand dried to -ive 683e63 .6 ('

of 2c: mip '17-40 'C: I] 1 NMR (60 MIl l) 8 3.72 (s, 4 Hi), 3.8-4.0 (111, 4 II): 4.0-4.2 knm, 4111). 6.S-

7.4 (mn. 10 11).

I,IO-Diphci tnI -],IO-dccancdionec (6). Compound 6 was prepared 3 0 by reacting. sebacoyl

chloride (47.8 -,, 0.20 mol, 92% pure) with exess benzene (265 -. 3.4 iol) as both reacnt and

solvent and AIC13 (60 g, 0.45 miol) as catalyst. 45.2 g (76.1 %) of 6 was Isolated. I] NNIR (60

MI-z) 8 1.4-1.8 (rn, 12 1-1), 2.86 (t, 4 H, J=6.5 Hz), 7.0-7.4 (i. 6 H), 7.6-7.9 (in, 4 H).

].]D-DiphervWdccane (2e). The standard Huang-Minlon modification of the Wolffl-

Kishner reduction wvas followed. KOH (50 g, 0.77 mol) was dissolved by warming in diethylene

glycol (3'00 ml) in a 500 nil flask. Compound 6 (45 g. 0. 139 iol) and 85% hvdrazine, hydrate (40

nil) wverec adde~d to This at 100 0 C and refluxed for 1 h. 60 nil of an H'0/diethviene g-lvcol mixture

was distilled away until the temperature rose to 205 0 C followed by refluxing for 3h. After cooling

to room temperature, 50 nil of H20O was added, the reaction extracted with ether and the extract

dried with Mg'SO 4 . The ether was removed and the product isc'lated by vacuum distillation. 23

(56%7) of -1c was isolated: bp 140 cC13' mm-; Ili NMR (60 MHz) 8 1.2-1.7 (i, 16 H), 2.5 (t, 4 H,

J=6.5 Hz). 7.0 (s, 10 H).

]-Brorno-1]-phenylundecane (7). Into a 250 nil flask, was added maacnesium turnings

(5.0 g,0.21 mole) and TH-F (40 nil). 1,2--Dibromoethane (4.0 g)was added through a dropping

funnel. After the vicorous reaction ceased, more THF (80 ml) was added into the flask.

Subsequently, a solution o" benzylchloride (12.6 g, 0.10 mole) in TI-IF (20 mld) wvas added during

30 min. The mixtu-re was allowed to stand for 2 h. Into 500 ml flask, 1.10-dibroi-odecane (30 g,

0.10 mole). TI-IF (3(X) nil) and 0.1 M Li12Cu.CI4 solution (10 mnl) were mixed and cooled with ice.

The Grignard reagent solution was quickly, transferred to a dropping funnel and added to the
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mixture over a period of 3 h and stirred overnight. Methanol ()0 ml] was ,ddcd, the solvent \,,as

removed. aim chloroform (250 ml) was added to dissolve the residue. The solution was w. ashCd

\w:) ,a a nd driCd witlh m:a ncsi um sulfate. After removal of the solvent, the residue was

(.,isle, under reced pr,',urc to eive , 5.1 L 48._) of 7: hp 135 'C/l m I: I N I; (60 NiI tz)

Sl."- .i tin. , If1 2.() i, 2 H, J=7 Hz), 3.36 (t, 2 I. J=6.5 1lz), 7.15 D. 5 l.

1.22 -Diphc;:yviduc,,L (2). Sodium sand was made b\v heating sodium (3.54 g. 154

inmolei in dry xvicne 1utii molten, followed by shaking as the xvlene cooled. Compound 7 (23.8

z. 77 mn',ole) was added in small portions to the reaction which was controlled by shaking and

heating at short intr'-vals. After all of the bromide (7) had been introduced, the mixture was let

stand for 3 h. The excess sodium was destroyed by careful addition of ethanol, then water. The

mixture was extracted with chloroform (3 x 50 ml). The chloroform solution was washed with

water, dried, concentrated and recnvstallized (ethanol) to give 7.12 g (40.2%) of 2f: mp 58-59.5

°C; IR (KBr) 2916, 2846, 1469, cm-1 ; 1H NMR (60 MHz) 6 1.1-1.7 (in, 40 H), 2.5 (t, 4 H,

J=7 Hz). 7.1 (s, 10H).

Bis[4-(chIoroacevOpienyl] oxide (3a). The following is a modification of a published

procedure. 14 Finely eround AlC13 (50.0 g, 0.375 mol) was mixed with dichloromethane (50 ml)

in a 250 ml flask and cooled to -10 1C. Chloroacetyl chloride (37.3 g, 0.33 mol) was added to the

mixture as it was kept cool. Diphenyl ether (25.5 g. 0.15 mol) was dissol\cd in dichloromethane

(10 ml) and charged to a dropping funnel. The diphenyl ether solution was added slov ily dropwise

to the mixture over 2 h while stirring and keeping the temperature below 0 'C. At the end of the

addition, the mixture was left to warm to room temperature and stir ovenight. The red colored

solution was poured into a large quantity of ice (about 300 g). The organic layer was separated

and the aqueous layer extracted with dichloromethane (50 ml) and the dichloromethane portions

washed with water until neutral. The organic phase was then dried (magnesium sulfate),

concentrated, recrstallized (ethanol), and dried to give 33.8 g (69.7c) of 3a: mp 108-110 'C,

II NMR (60 MlIz) 8 4.68 (s, 4 H), 7.0-7.3 (m, 4 H). 7.9-8.2 (in, 4 H).
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t~isJ4 -(ch/~ro, acct.pheny,'] sulfidc (3b). A similar procedure descibed for the synthesis

3a was used except phcnyl sulfide and chloroacetvl chloride were dissolved in dichloromethane

and added to he AICi; mixture. Phenyl sulfide (16.7 (', 0.000 Too), chloror;1Cetl:, chloride

(0.6 ,. 0.27 1 tool) and AICI; (36.1 g, 0.271 1ool) were used. The crude product (1) g, 62

was decolorcd by activated charcoal and recry stallized (acetone/ethanol) to give 10. ) (35.7%)of

31): mp 101.5-103 'C; I1I NMR (60 MHz) 6 4,67 (s, 4 H), 7.4-7.6 (in, 4 H, 7.9-,.1 in. 4 I).

1lis/4-(chIloroaccrl)phcnyvi] rricihylene glycol ether (3c). AICI- (90.0 g, 0.675 mol) was

mixed with dichloromethane (50 ml) and cooled to -10 'C. Chloroacetvl chloride (37.3 g. 0.33

mol) was added to the mixture and cooled to -10 °C. 2c (45.4 g, 0.15 tool) was dissolved in

dichloromethane (30 ml) and slowly drop added to the mixture over 2 h. At the end of the

addition, the mixture was heated to reflux and stirred overnight. The resulting mixture was

worked up as described before. The crude product was recrystallized (THF), and dried to ve

42.6 g (62.4%) of 3c: mp 89-91°C; IR (KBr) 1689, 1600, 1261, 1219, 1184, cm-; 1H NMR (60

MHz) 8 3.75

(s, 4 H), 3.8-4.0 (mi, 4 H): 4.1-4.3 (m, 4 H), 4.63 (s, 4 H), 6.8-7.1 (m, 4 H), 7.8-8.1 (m, 4 H).

Bis[4-(chloroace'l)phenyI] methane (3d). 3d was prepared in 70.7% yield: mp 121-

122'C; IR (KBr) 1701, 1600, 1215 cm; 1 H NMR (60 MHz) 5 4.07 (s, 2 H), 4.63 (s, 4 H), 7.2-

7.4 (ni, 4 H), 7.8-8.0 (ma, 4 H).

],]O-Bis[4-(chloroacer'l)phenyl] decane (3e). A 73.3% yield of 3C was obtained: map 85-

S6°C: IR (KBr) 2927, 2850, 1701, 1604, 1215, 817 cm-;1H NMR (60 MIz) 6 1.2-1.7

(i, 16 H), 2.6 (t, 4 H, J=6.5 Hz), 4.53 (s, 4 H), 7.0-7.2 (m, 4 H), 7.6-7.8 (ma, 4 H).

1,22-Bis[4-(chlioroaccvi)phen-l]docosane (3j). 3f was prepared in 22.4% yield: mp 91-

93°C; IR (KBr) 2920, 2846, 1697, 1604, 1469, 1215, 1164, 995, 817, 790, 756, 721 cm- 1;
1H NMR (60 Mliz) 8 1.1-1.7 (m, 40 H). 2.6 (t. 4 H), 4.6 (s, 4 H), 7.1-7.3 (ma, 4 H), 7.7-7.9

(m, 4 H).

Bis[4-(O-ethyfIxanthateacernlI)phenyl] oxide (4a). A mixture of 3a (33.8 g, 0.105 nol)

and O-ethylxanthic acid potassium salt (33.5 g, 0.209 mol) in acetone (450 ml) was heated to
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reflux for 4h. The mixture was allowed to cool to room temperature and filtered. The precipi]Llc

was washed with dichloromethane (50 ml). The combined organic phasc was concentrated to give

crude 4a. The cnide 4a was dissolved in dichloromethane (20() m!) and washed with water

(2 x 2(Y) mi . The solution was dried (magnesium sulfate). concentrated to give 47.2 g (91.4',) of

4a: 11-1 NNIR (6( N'l i,) 8 1.44 (t, 6 1H, J=71-z), 4.73 (s, 4 11). 4.73 (q, 4 1I, J=71-Hz), 7.1-7.3

( , 4 It,. 8()-8.3 (ni 4 H).

-(0 -czh~tvbccznriwaccv!)plenyl] sulfide (4b). A 67% y'ield of 4b was ',Uoli :d after

recrystallization from acetone/ethanol. 11-1 NMR (60 MHz) 8 1.41 (t, 6 H, J=7 lHz). 4.67 (s, 4 1H),

4.69 (q, 4 1-4, J=71tz), 7.4-7.6 (m, 4 H), 8.0-8.2 (m, 4 H).

1;' s/4 -(0 -L'rhIxc zrhageacet3")phei~yl] tricthylcne glycol ciher (4c). A 88% yield of 4c was

isolated: IR (KBr) 1670, 1600, 1311, 1265, 1238, 1111, 1057 cm - 1' 1H NMR (60 Mtiz)5 1.37

(t, 6 1l, J=7Hz). 3.75 (s, 4 H), 3.8-4.0 (mn, 4 H), 4.1-4.3 (m, 4 H). 4.58 (s, 4 H), 4.61 (q, 4 H,

J=7Hz), 6.8-7.1 (m, 4 H), 7.8-8.1 (m, 4 H).

Bis/4-(O-cthylxaith.zcacetyl)phenyl] methane (4d). A 92.8% yield of 4d was isolated.

IR (KBr) 1681, 1600, 1226, 1114, 1053, 995 cm-1; 1H NMR (60 MHz) 8 1.37 (t, 6 H, J=7 Hz),

4.07 (s, 2 H), 4.58 (q, 4 H, J=7 Hz), 4.60 (s, 4 H), 7.2-7.4 (m, -. H), 7.8-8.0 (m, 4 H).

],]O-Bis[4-(O-ethylxanrhateacertv)phenyl] decane (4e). A 98.2% yield of 4e was

isolated. IR (KBr) 2916, 2850, 1693, 1604, 1219, 1057, 991, 817 cm-1; 1H NMR (60 MHz)

8 1.2-1.7 (ni, 22 H), 2.6 (t, 4 H, J=6.5 Hz), 4.5 (s, 4 H), 4.5 (q, 4 H, J=7 Hz), 7.0-7.2

(m, 4 H), 7.6-7.8 (m, 4 H).

],22-Bis/4-(O-ethylxanthateacevl)phenyl] docosane (4j). A 99% yield of 4f 'as

isolated. 1H NMR (60 MHz) 5 1.1-1.7 (m, 40 H), 2.6 (t, 4 H, J=7 Hz), 4.6 (s, 4 H), 4.6

(q, 4 H, J=7 Hz), 7.1-7.3 (m. 4 H), 7.8-8.0 (m, 4 H).

Bis[4-(2-oxo-I,3-ditiolyl)p'zcnyl] oxide (5a). A solution of 4a (22.0 g 44.5 mtol) in

acetic acid (200 mil) was heated to reflux. A solution of 30% (by weight) HBr in acetic acid (120

ml) was added to the flask. During the addition, Sa begin to precipitate out. The mixture was

heated to reflux for 3h, allowed to cool to room temperature and filtered. The solid crude product
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was dissolved in dichloromethane (200 ml) and washed with water until neutral. The solution was

the-n dried (mignesium sulfate), concentrated, recrystallized (dicLilorotmethane/acerone). and dried

to give 1.5 L/69.,g7) of Sa: mp 146-1 4S'C: IR (KBr) 1635, 1496. 1253. 8"7 1, cimn- 1I1 NNIR

200 \ 4 117 0 .77 (s. 2 1-). 7.06 (ni, 4 -1), 7.42 (., 4 1-): 13C NMR (50 M) lz) 6 192.2

157.31, 134.08, 128.31, 128.00, 119.52, 111.21. Anal. Calcd for Clsl 0l((O;S4 : C, 53.71: 1H,

2.50; S, 31.86. Found: C, 53.53; H. 2.49, S, 31.22.

Bis[4-(2 -oxo- 1,3-di~hiolvl IphenyI] sulfide (5b). The crude product was dissolved in

dichioromethane. washed with water. decolored by activated charcoal and filtered through a silica

gel column. The elute was concentrated to give 32% of Sb: mp 160-162 'C; IR (KBr) 1635,

1483, 1400, 875, 763 cm-t; 31-I NMR (300 MHz) 5 6.86 (s, 2 1-1), 7.37 (s, 8 1-1); 13C NMR

(75 MHz) 8 191.94, 136.60, 134.00, 131.68, 131.55, 127.07, 112.2221 Anal. Calcd for

C18H110O2S: C, 51.65; H, 2.41. Found: C, 51.43; H, 2.36.

Bis[4-(2-o.,o-] ,3-dithiolv)phenyl] trierhylene glycol ether (5c). 4c (8.5 g, 13.5 minol)

was dissolved in acetic acid (100 ml) and 30% HBr in acetic acid (50 ml). The mixture was heated

to reflux for 20 min and then stirred overnight at room temperature. The crude product was

purified as described . r 5b to give 0.9 g (12%) of5c: mp 125-126°C; IR (KBr) 1627, 1504,

1257, 1134, 871, 821, 775 cm-1 ; 1H NMR (300 MHz) 8 3.75 (s, 4 H), 3.87 (t. H, J=4.5 Hz).

4.14 (t, 4 H, J=4.5 Hz), 6.66 (s. 2 H), 6.90-6.93 (m, 4 H), 7.30-7.33 (ni, 4 H): I C NMR

(75 MHz) 6 192.63, 159..0, 134.65, 127.59, 125.58, 115.21, 109.79, 70.91, 69.66, 67.60.

Anal. Calcd for C24H22 0 6S4: C, 53.91; H, 4.15. Found: C, 53.49; H. 3.93.

Bis[4-(2-oxo-1,3-dizhiohlN)ph1enyll methane (5d). An 84.5% yield of Sd was isolated

using the same procedure described for 5a: mp 155-156 'C; IR (KBr) 1635, 864, 775 cm-1; 1H

NMR (300 MHz) 5 4.01 (s, 2 H), 6.79 (s, 2 H), 7.20-7.23 (m, 4 H), 7.34-7.37 (m, 4 11); 13C

NMR (75 MHz) 5 192.34, 141.68, 134.69, 130.93, 129.66, 126.58, 111.31, 41.22. Anal.

Calcd for C191-1120 2S4 : C. 56.97; H, 3.02. Found: C, 56.51; H, 2.72.
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,1-his/--K.-o. -,.-dithiolyl),phenvl} dec'ape (5c). An 83.4%7c yield of ;e was isolated

usiac thc same proccdre dcscribcd for Sa: mp 123-124 C: IR (KBr) 22', 2,,50 1627, 1504.

81, cn- : ]11 N.%IR (300 M I1z,) 1.2S (brs. 12 H). 1.60 (1. 4 11. J=7.5 1z . 2.61 (1, 4 I.

J=7,5 It,. (.77 (s, 2 /, 7.19-7.22 om, 4 1-.), 7.31-7.34 (m, 4 H-;: C N,%1R (75 M 1)z

8 192.68. 14-4.3. 135.08. 130.11, 129.17, 126.20, 110.71, 35.02, 31.22. 29.48. 29.41. 29.19.

Anal. Calcd for C2,1 300-'S4 : C. 63.84 .1, 5.74. Found: C, 63.89; H. 5.53.

1.22-Bis/4-(2-oxo- 1.3-dihiylZ)pheny ] docosane (5f). A 32% yield of Sf was isolated

using the same procedure de: :ribed for Sa: mp 120-122°C: IR (KBr) 2920. 2846, 1631, 1504,

871 cn -1 11 NMR. (300 MIlz) 5 1.24-1.57 (11, 40 H), 2.61 (t, 4 H, J=7.5 liz), 6.77 (s. 2 1-1),

7.19-7.22 (ri, 4 1-), 7.31-7.34 (m, 4 H); 13C NMR (75 MHz) 6 192.64, 144.45, 135.15,

130.14, 129.19, 126.22 , 110.67. 35.64, 31.23, 30.86, 29.66, 29.54, 29.43, 29.21. Anal.

Calcd for C40H540 2S,: C. 69.12; H, 7.83. Found: C, 68.39; H, 7.35.

Bis[4-(].2-dizct-, vlthliolene)phenl] oxide (8). A mixture of 5a (0.100 -, 0.248 mrol)

and sodium ethoxide (0.101 -, 1.49 mmol) in ethanol (15 ml') was heated at 60°C and stirred for

40 nun. lodometharie (0.353 g, 2.48 mmol) in ethanol (15 ml) -,,,-as added to the mixture the

resuling mixture cooled to room temperature, and the volatile materials removed by roto-

evaporation. The residue was extracted with chloroform (20 ml) and filtered. The filtrate was

concentrated to give 0.101 g (100%) of 8: mp 103-105 °C; IR (KBr) 2997, 2916, 1489, 1249,

810 cm-: ]1-I NMR (300 MHz) 6 2.07 (s. 6 H), 2.40 (s, 6 H), 6.38 (s, 2 H). 6.94-6.97 (m, 4 H),

7.39-7.42 (rn, 4 H); 13C NMR (75 MHz) 8 156.42. 133.79, 131.42, 131.36, 128.64, 118.75,

17.46, 16.02. Anal. Calcd for C2gH 22OS 4 : C, 59.08; H, 5.45; S, 31.54. Found (after

recrystallization from Et2O/C5 H 12): C, 59.26; H, 5.63; S, 31.15.

Poyf I[, I'-ox.:vhisf4-(1,2-dzthiolatocthcnvl)benzeneI] nickel (1i)] (Ila). A mix ture of 5a

(0.200 ,, 0.497 emol) and sodium ethoxide (0.203 g, 2.98 mmol) in cthanol (30 nil) was heated

at 60'C with stirring for 40 min. Nickel bromide (0.109 g, 0.497 mmol) dissolved in ethanol (30

nil) was added to the mixture via cannula. The resulting mixture was heated at 60'C overnight and

cooled to room temperature. Iodine (0.252 g, 0.994 mrtol) was dissolved in ethanol (10 nil) and
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added to the mixture. The resulting mixture was stirred for 2 h. The black polymer was collccied

by filtration and v'ashcd thoroughly with water and ethanol. The prodt i c was then dried under

vacuum to give 0.170 g (84.49[) of polymer I Ia: IR (KBr) 1587. 149S, 1367. 1245. 1189.

1167. 857. 833. 798 cm-1: UV-Vis-NIR (DM1) a (c) 265 (4S100), 310 (5470(), 490 (sh.

2500). 930 (1320,J) nm. Anal. Calcd for (C16H-10 NiOS4 )n: C, 47.43: 1-1, 2.49; Ni, 14.49: S.

31.65. Found: C, 47.49; 1i, 2.91; Ni, 10.80; S, 33.49: 1, 2.17: Br, 0.51.

t'oly[],1'-thiobi/[4 -(1.2 -dithiolarncthenyl)bcnzenc]jzickcl (11)] (11b). A 79.5% yield of

polymer 1 lb was isolated: IR (KBr) 1581, 1485, 1365, 1190, 1010, 861, 827, 797 cm-1; UV-

Vis-NIR (DMF) ,,,.., (c) 273 (19700), 316 (25300), 350 (sh, 1 8500),500 (sh, 1100), 930 (5500)

nnm. Anal. Calcd for (C1(,,t- 0 NiS 5 )n: C, 45.62; 1-1, 2.39. Found: C. 37.59: 1-1, 2.69.

Poly[[,I '-(tricthytene glycol cther)-bis[4-(1,2-dithiolato-etlienyl)ben :ene ]]ickel(lI)]

(lc). A mixture of Sc (0.200 g, 0.374 emol) and sodium ethoxide (0.153 g, 2.24 mrtool) in

ethanol (30 ml) was heated at 60'C with stirring for I h. Nickel bromide (0.082 g, 0.374 mmol)

dissolved in ethanol (30 ml) was added to the mixture via cannula. The resulting mixture was

heated at 60'C over;ight and cooled to room temperature. The mixture was opened to air and

stirred for 2 h. The black polymer was collected by filtration and washed thoroughly with water

and ethanol, then dried under vacuum to give 0.182 g (90.5%) of polymer lic: IR (KBr) 1597,

1508, 1364, 1256, 1191, 1143, 1112, 862, 832 cm; UV-Vis-NIR (DMF) rnax (C) 265 (21100),

310 (16700), 500 (sh, 500), 935 (3100) nm. Anal. Calcd for (C-2 1H-2 2Ni 4 S,:)n: C, 49.17: H,

-. 13. Found: C, 43.55; H, 3.82.

Pol1y[[1,]'-netlhane-bis[4-(1,2-dirhiolarocrhenyl)benzene]] nickel (II)] (lid). The

procedure described for the synthesis of 11 a was followed. 0.180 g (89.5%) of polymer lild

was isolated as a black powder: IR (KBr) 1599, 1369, 1191, 861, 781 cm-1; UV-Vis-NIR (DMF)

Zmax 260, 310,500, 930 nm. Anal. Calcd for (Ci 7Hi 2NiS 4)n: C, 50.64; H. 3.00. Found: C,

49.20; H, 3.07.

Pol[[1,] '-decane-bis[4-(].2 -dithiolatoethenyl ) benzenc]] nickel (I1)] (1 Ile). The

procedure described for the synthesis of 11c was followed. 0.171 g (85.0%) of polymer Ile
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was isolated as a black powder: R (KBr) 2924, 2850, 1604, 1369, 1323, 1i92, 864, 433, 794

cmi UV-Vis-NIR (DMF) in, 260. 310. 490, 935 nm. Anal. Calc'd for (Cml _(NiS4)n: C,

5S.9AS: H. 5.71. bound: C. 54.07: H, 535.

/'ol 1 / o -(, . i , n -/)i/ 4 -( 1 .2 -dizliolamcth/cn , \)C(,-CkIC!l ic //)1 (1 If .The

pvocedure dWsNbd for the synthesis of I Ic was followed An 81% yield of polymer II f was

isolated as a black powder IR (KBr) 2920, 2850, 1681, 1604, 1369, 1192. 864, 837, 794 cm;

UV-NVis-NIR (DMNF) Q, 260, 310. 500, 930 nm. Anal. Cald for (C30l. 4 NiS 4),: C, 65.41;

1-1, 7.80. Found: C, 64.77:1, 7.63.
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